Abstract. The silent information regulator 2 related enzyme 2 (SIRT2) has been reported to have an important role in tumorigenesis. Although two distinct effects of SIRT2 have recently been revealed, which explain opposing expression patterns in different types of cancer, the specific function of SIRT2 in ovarian cancer remains unknown. The present study investigated the expression of SIRT2 in serous ovarian carcinoma (SOC) and its pathogenic mechanism. It was observed that SIRT2 expression in SOC was significantly downregulated when compared with ovarian surface epithelium via western blot and immunohistochemistry. Statistical analysis revealed that attenuated expression of SIRT2 was associated with the International Federation of Gynecology and Obstetrics classification of ovarian cancer. Reduced SIRT2 expression during tumorigenesis failed to repress cyclin-dependent kinase 4 expression, which eventually led to accelerated cell proliferation. Furthermore, the wound healing assay and Transwell assay determined that reduced expression of SIRT2 promoted SOC cell migration and invasion. In conclusion, the results of the current study suggest that SIRT2 has a tumor-suppressor function in ovarian cells and it might be a viable target for further SOC treatment.
Introduction
Ovarian cancer is one of the most common cancers that affects women (1) . Ovarian cancer has the third highest incidence of gynecological oncology, with the incidences of only cervical and uterine cancer being higher amongst women (2) . Ovarian epithelial cancer is the most common type of cancer affecting the ovaries and the most lethal of all gynecologic malignancies (2) .
The silent information regulator 2 related enzyme 2 (SIRT2) is a nicotinamide adenine dinucleotide-dependent class III histone deacetylase (3). SIRT2 possesses histone or protein deacetylase activity and has an important role in the response to certain types of stress and toxicity (4) . SIRT2 is localized in the cytoplasm and nucleus, and is highly expressed in the brain and adipose tissues (5) . As SIRT2 participates in the regulation of mitosis and oxidative stress, studies have demonstrated that the expression level of SIRT2 is closely associated with a variety of cancers, including glioma, melanoma, gastric and liver cancer (6) (7) (8) . Additionally, SIRT2 has been reported to have two opposing roles; there is evidence that it functions as an oncogene, and evidence also exists that suggests it functions as a tumor suppressor gene. A number of studies have indicated that SIRT2 is an oncogene as it is highly expressed, and is associated with vascular invasion and short overall survival in hepatocellular carcinoma (HCC) (9) , neuroblastoma (10) and pancreatic cancer (11) . However, a number of other studies have suggested that SIRT2 functions as a tumor suppressor based on evidence that SIRT2 mRNA and protein levels are lower in glioma (12) , gastric cancer (13) and melanoma (14) compared with normal tissues, and forced expression of SIRT2 inhibits cancer cell proliferation and colony formation in non-small cell lung cancer (15, 16) . SIRT2 deacetylates a variety of substrates, including histone H4K16, tubulin, p53, p65, forkhead box (FOX) O1, FOXO3, cadherin 1 and cell division cycle 20 (17) (18) (19) (20) (21) . The specific role of SIRT2 in tumorigenesis is controversial and it is thought that SIRT2 function varies depending on the tissue.
Targeted therapy has been performed at remarkable levels of efficiency and safety in clinical practices in numerous types Transfection of cell lines. HOSEpiC human OSE and HO8910 human SOC cells were transfected using Lipofectamine 3000 (Thermo Fisher Scientific, Inc.) with SIRT2 small interfering RNA (siRNA) or an overexpression construct (SIRT2-Myc) that generates SIRT2-Myc fusion proteins, respectively, for 24 h. The overexpression construct was derived from the commercially purchased pCMV-C-Myc plasmid (cat. no. D2672; Beyotime Institute of Biotechnology, Haimen, China) by inserting a SIRT2 gene according to the standard protocol previously described (23) . The control groups (NC) were either treated with scramble RNA or empty vector (pCMV-C-Myc). The siRNAs synthesized by Shanghai GenePharma Co., Ltd.
(Shanghai, China) were as follows: SIRT2 siRNA-1 forward 5'-GCC UCU AUG ACA ACC UAG ATT-3' and reverse 5'-UCU AGG UUG UCA UAG AGG CTT-3'; SIRT2 siRNA-2 forward 5'-GAU CAG CUA UUU CAA GAA ATT-3' and reverse 5'-UUU CUU GAA AUA GCU GAU CTT-3'; SIRT2 siRNA-3 forward 5'-GCA CCU UCU ACA CAU CAC ATT-3' and reverse 5'-UGU GAU GUG UAG AAG GUG CTT-3'; Scramble forward 5'-UUC UCC GAA CGU GUC ACG UTT-3' and reverse 5'-ACG UGA CAC GUU CGG AGA ATT-3'. cat. no. 7074; dilution: 1:2,000; Cell Signaling Technology, Inc.) for 1.5 h at room temperature. The blots were visualfor 1.5 h at room temperature. The blots were visual-5 h at room temperature. The blots were visualized using an enhanced chemiluminescence reagent (Merck Millipore). Each experiment was conducted for three times followed by band intensity analysis using Image Quant TL software v2005 (version no. 1.1.0.1; non-linear USA, Inc., Durham, NC, USA).
Immunohistochemistry (IHC
Immunofluorescence. HOSEpiC human OSE and human SOC HO8910 cells were seeded at a density of 1x10 5 cells/well onto coverslips in 6-well plates. Cells were fixed with paraformaldehyde (4%) for 15 min followed by Triton-X-100 (0.3%) treatment at room temperature for 10 min. Bovine serum albumin (3%, cat. no. V900933; Sigma-Aldrich; Merck Millipore) was used to block non-specific binding site at room temperature for 1 h. Cells were then incubated with primary anti-SIRT2 antibody (cat. no. ab51023, dilution: 1:150; Abcam, Cambridge, UK) overnight at 4˚C. After washed with PBS for 3 times, cells were incubated with the secondary antibody Fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (cat. no. P0186, dilution: 1:250; Beyotime Institute of Biotechnology) in the dark for 1 h at room temperature, followed by 1 mM DAPI treatment for 5 min to label the nucleus. The samples were mounted for imaging using Leica DM7000 fluorescence microscope equipped with Leica Application Suite software (version 4.5.0; Leica Microsystems, Inc.).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
Total RNA was extracted with TRIzol (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. Reverse transcription to produce cDNA was performed by using the Toyobo First-Strand cDNA Synthesis kit (Toyobo Co., Ltd., Osaka, Japan) according to the manufacturer's protocol. CDK4 levels were detected by SYBR Green-based qPCR (SYBR Extaq MixTMII kit; cat. no. RR820A; Takara Bio, Inc., Otsu, Japan) using the Applied Biosystems ® 7500 Fast Real-Time PCR System (Thermo Fisher Scientific, Inc.). The PCR mixture was amplified by 40 repeated cycles: 95˚C for 15 sec, 60˚C for 30 sec, 74˚C for 45 sec.
Primer sequences were as follows: CDK4, forward 5'-AGT TCG TGA GGT GGC TTTA-3', reverse 5'-GGG TGC CTT GTC CAG ATA-3'; β-actin, forward 5'-CAT CCT CAC CCT GAA GTA CCC-3', reverse 5'-AGC CTG GAT AGC AAC GTA CAT G-3'. CDK4 mRNA expression was normalized to β-actin. The Cq value of CDK4 was measured using the ΔΔCq method (25) . CDK4 mRNA levels in the treated group (SIRT2-Myc) were compared with untreated groups (NC and HO8910). Results were from three independent experiments performed in triplicate.
Cell Counting Kit-8 assay. The experiment was performed according to the manufacturer's protocol (Cell Counting Kit-8; cat. no. CK04; Dojindo Molecular Technologies, Inc., Kumamoto, Japan). Briefly, HOSEpiC and HO8910 cells pretreated with either SIRT2 siRNA-2 or SIRT2-Myc overexpression construct were seeded on 96-well plates at a density of 5x10 4 cells/well. Cell viabilities were measured at 0, 12, 24, 36, 48, 60, and 72 h after transfection by microplate reader at 450 nm. The percentage of relative proliferation ratio was calculated as follows: Relative cell proliferation=number of cells in treatment wells at indicated time/number of cells in corresponding treatment at 0 h.
Transwell assay. HOSEpiC and HO8910 cells pretreated with either SIRT2 siRNA-2 or the SIRT2-Myc overexpression construct were seeded into the upper chamber at a density of 1x10 5 cells/well. 600 µl of RPMI-1640 (HyClone; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) were added into the lower chamber. Cells in the upper chamber were removed following 36 h incubation at 37˚C, and those that penetrated the membrane to the underside were fixed with methanol for 30 min at 4˚C, followed by staining with 0.1% crystal violet for 20 min. Cell numbers in five separate fields at x200 magnification under light microscopy were counted and then averaged.
Wound-healing assay. HOSEpiC and HO8910 cells transfected with SIRT2 siRNA or overexpression construct (SIRT2-Myc), respectively, were seeded on 6-well plates to confluent monolayer in RPMI-1640 supplemented with 10% FBS. Cells were serum-starved prior to and following scratches to minimize the influence of cell proliferation. Cells were manually scratched using a 20 µl sterile pipet tip. The same fields of the wound region were photographed at 0 and 48 h. Wound closure at indicated time points was measured using ImageJ software (Java 1.6.0_20; National Institutes of Health, Bethesda, MD, USA). Migration rate at 48 h was expressed as the percentage of the original wound area ± standard deviation (SD).
Colony formation assay. HOSEpiC and HO8910 cells were transfected with SIRT2 siRNA or overexpression constructs overnight and were then seeded into 12-well plates at 300 cells per well. Cells were continuously cultured at 37˚C under 5% CO 2 with 10% FBS for 7 days. The plates were stained with 200 µl crystal violet (0.1%) and individual colonies (>50 cells per colony) were counted.
Flow cytometry analysis for cell cycle. HO8910 cells were seeded in 6-well plates at the density of 2x10 5 cells/well and then transfected with SIRT2 overexpression constructs for 24 h. For cell cycle analysis, cells were harvested and washed twice with cold PBS and then fixed in 70% ethanol at -20˚C for 24 h. The samples were dissolved and washed with PBS 3 times, centrifuged for 5 min at 420 x g at 4˚C and then resuspended in PBS with 50 µg/ml RNAse A and incubated at 37˚C for 30 min. The cell cycle phase was determined by staining with propidium iodide (PI) staining solution (20 µg/ml). Flow cytometry analyses were performed using a FACSCalibur Flow Cytometer and CellQuest software (version 5.1; BD Biosciences, Franklin Lakes, NJ, USA). A total of 10,000 events were collected for final analysis.
Statistical analysis. The χ 2 test was used to calculate the significance of differences among three or more groups and paired Student's t-test was used to determine the significance of differences between two groups. P<0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed using SPSS software (version no. 13.0; SPSS Inc., Chicago, IL, USA).
Results

SIRT2 expression level is downregulated in SOC.
Expression levels of SIRT2 in 13 cases of SOC and 11 cases of OSE tissue samples were evaluated by IHC. In the OSE cases, 10 out of 11 exhibited high SIRT2 expression, compared with 4 out of 13 cases of SOC that exhibited high SIRT2 expression (Fig. 1A) . Furthermore, SIRT2 was observed predominantly in the nucleus in OSE, while in SOC, no apparent SIRT2 staining was observed in the nucleus (Fig. 1B) . Western blot analysis was performed on tissues to further evaluate the expression of SIRT2 in the above tissue samples. Consistent with the IHC results, western blot demonstrated that SIRT2 protein levels in 9 cases of SOC samples were visibly lower than those in 3 cases of OSE samples (Fig. 1C) . In addition, SIRT2 expression levels in ovarian cell lines were evaluated by western blot. Compared with the normal human OSE cell line HOSEpiC, all five human SOC cell lines exhibited reduced expression of SIRT2, however, the SKOV3 SOC cell line appeared to have less of a reduction compared with the other four (Fig. 1D) . The immunofluorescence assay demonstrated that SIRT2 was localized in the nucleus of HOSEpiC cells, while in HO8910 cells, SIRT2 was predominantly localized in the cytoplasm (Fig. 1E) , which confirmed the IHC results.
Reduced expression of SIRT2 is associated with later International Federation of Gynecology and Obstetrics (FIGO) staging of SOC.
As there were discrepancies in the expression of SIRT2 in SOC tissue samples (3/9 had reduced SIRT2 expression) and cell lines (4/6 had reduced SIRT2 expression), it is of interest to understand the underlying factors that were associated with SIRT2 levels. Analysis of clinicopathological characteristics and SIRT2 expression (high/low) in 131 SOC samples identified that SIRT2 expression was significantly (P<0.017) associated with FIGO staging (Table I ). There was a higher expression of SIRT2 in early stages (I-II) but lower expression during later stages (III-IV), suggesting a malignant role for SIRT2 during ovarian tumorigenesis. In addition, low expression of SIRT2 was more likely to be associated with lymph node metastasis compared with high expression, although no significant association was observed between lymph node metastasis and SIRT2 levels.
SIRT2 specifically suppresses CDK4 expression in SOC cells.
Opposing protein expression patterns of SIRT2 and CDK4 were observed in HOSEpiC normal ovarian cell line compared with HEY, OVCAR-433 and HO8910 SOC cell lines (P<0.01; Fig. 2A) , thus, suggesting that SIRT2 may be an upstream regulator of CDK4 in ovarian cell lines. In order to verify this, knockdown of SIRT2 in HOSEpiC cells using SIRT2 siRNAs was performed. CDK4 expression was elevated following transfection with three different SIRT2 siRNAs compared with the control (scramble) siRNA (P<0.01; Fig. 2B ). By contrast, overexpression of SIRT2 in HO8910 cells significantly reduced CDK4 protein levels (P<0.01; Fig. 2C ). SIRT2 affects target protein levels through transcriptional regulation and post-translational modification (deacetylation) (26, 27) . Evidence from qPCR results excluded an effect of SIRT2 on CDK4 mRNA transcription as no statistically significant difference was observed between the SIRT2 overexpressing and NC group, indicating that the effect of SIRT2 on CDK4 levels may be predominantly due to post-translational modification of CDK4 by SIRT2 (Fig. 2D) . Additionally, the present study also revealed that SIRT2 specifically inhibits CDK4, which regulates the cell cycle through interaction with other members of the cycle, cyclin D1 and tumor suppressor p16. SIRT2 overexpression had no effect on the protein levels of CDK6, cyclin D1 and p16 (Fig. 2E) . Flow cytometry determined that overexpression of SIRT2 significantly blocked cell cycle at the G1 phase (P<0.05; Fig. 2F ).
Knockdown of SIRT2 promotes ovarian cell proliferation.
Consistent with the fact that upregulation of CDK4 induced uncontrolled cell growth (28), knockdown of SIRT2 significantly promoted HOSEpiC cell proliferation compared with non-transfected HOSEpiC cells, and overexpression of SIRT2 inhibited HO8910 cell proliferation from 48 h after transfection (P<0.05; Fig. 3A and B) . Additionally, SIRT2 knockdown significantly increased colony formation in HOSEpiC cells compared with non-transfected HOSEpiC cells and overexpression of SIRT2 decreased the number of colonies in HO8910 samples compared with non-transfected HO8910 cells (P<0.05; Fig. 3C and D) .
Knockdown of SIRT2 increases cell migration and invasion.
Knockdown of SIRT2 significantly promoted HOSEpiC cell migration and invasion compared with the non-transfection and scramble group 48 h post-transfection (P<0.05) while SIRT2 overexpression inhibited HO8910 cell migration and invasion at 48 h compared to the non-transfection and NC group (P<0.05; Fig. 4A and B) , suggesting that SIRT2 has an important function in the suppression of ovarian cancer metastasis.
Discussion
Ovarian epithelial cancer is the most common type of ovarian cancer, accounting for ~90% of ovarian cancer cases. It has been reported that ~2/3 of ovarian epithelial cancer cases are SOC (29) . The FIGO classification system is widely used to evaluate the extent of ovarian cancer and is the basis for post-surgical treatment (30) . As the early stages of ovarian cancer are asymptomatic, most ovarian cancers are diagnosed in the advanced FIGO stages (31) , which means that treatment options for patients are limited and this accounts for the relatively low five-year survival rate and high recurrence rate worldwide (32) . Investigation of the molecular pathogenesis of ovarian cancer is required to develop novel therapies and improve patient outcomes.
SIRT2 is a deacetylase and it has been reported that it is functionally associated with tumorigenesis, either as a tumor suppressor or an oncogene (3, 6) . It has been previously reported that SIRT2 expression is low in glioma, melanoma and gastric cancer and that high levels are present in acute myeloid leukemia, neuroblastoma, pancreatic cancer and HCC (6) . Thus, the specific function of SIRT2 appears to depend on the features of specific tumors. Although SIRT2 has been extensively investigated in various types of cancer (6-16), SIRT2 expression in ovarian cancer has not yet been investigated. In the current study, reduced expression of SIRT2 in SOC compared with normal OSE was confirmed by IHC and western blot. Furthermore, low expression of SIRT2 was significantly associated with late FIGO stage SOC, suggesting that SIRT2 is important in the prevention of ovarian cancer metastasis. Statistical analysis did not indicate that low expression of SIRT2 was associated with increased lymph node metastasis, as peritoneal dissemination and local direct spread are the two main methods of ovarian cancer metastasis. The accuracy of FIGO staging is an important factor if ovarian cancer patients are to be treated effectively, creating a high demand for gynecological oncologists to comprehensively consider patients' surgical and pathological indications (33) . Omission of insidious metastasis does occur in a small portion of patients resulting in inadequate treatment (as it is difficult to examine insidious metastasis, the seriousness of disease may be underrated) and recurrence. Thus, it is imperative to apply other methods to complement the FIGO system. The present study demonstrated that SIRT2 levels are significantly associated with FIGO staging of SOC. In early FIGO stages (I-II) there are higher levels of SIRT2, while in late FIGO stages III-IV) there are reduced levels of SIRT2 expression, indicating that SIRT2 expression levels may be a valuable reference for FIGO evaluation.
SIRT2 is reported to be downstream of several CDKs and may be phosphorylated at S331 or S368 by certain CDKs, including CDK1, CDK2, and CDK5, which are essential for the catalytic activity of SIRT2 (34) . The present study provided evidence for a novel SIRT2 regulatory pathway where SIRT2 specifically represses CDK4 expression. Therefore, SIRT2 may affect CDK4 expression through interacting with the CDK4 promoter (transcriptional regulation) or by deacetylating CDK4 (post-translational regulation). The current study excluded the former scenario by measuring CDK4 mRNA levels following SIRT2 overexpression, this suggested that SIRT2 regulation of CDK4 expression may be predominantly mediated via deacetylation of CDK4. Reduced expression of SIRT2 in OSE may cause an abnormal increase in CDK4, which is an established carcinogen.
Consistent with the findings of the present study, Sui et al (35) . Observed upregulation of CDK4 expression and nuclear accumulation of CDK4 in malignant ovarian cancers, which may explain the CDK4-induced cell proliferation. In addition to ovarian cancer, elevated expression of CDK4 has also been observed in other malignancies. CDK-targeted therapies, including CDK4 inhibitors, have attracted a lot of attention as they have promising therapeutic effects in breast, lung and colon cancer (28) . Wang et al (36) demonstrated that CDK4 is degraded via the ubiquitin pathway. As SIRT2 deacetylates multiple lysine-acetylated proteins located in the cytoplasm and nucleus, and CDK4 has multiple lysine sites that may be exposed to acetyl-transferases, nuclear CDK4 may initially be deacetylated by SIRT2 and then transported to the cytoplasm where it is subject to ubiquitin-dependent degradation. CDK4 and CDK6 are protein kinases that bind cyclin D1 or its competitive inhibitor, p16, to regulate cell-cycle progression (37) . Although CDK4 and CDK6 have similar biological functions, the present study demonstrated that SIRT2 specifically acted on CDK4 rather than other proteins, including CDK6 and p16. This combined evidence suggests that SIRT2 acts as a tumor suppressor.
In vitro experiments further supported an anti-cancer function for SIRT2. Overexpression of SIRT2 arrested the ovarian cancer cell line HO8910 cells at the G1 phase. Knockdown of SIRT2 enhanced the proliferation rate of normal ovarian cells, while overexpression of SIRT2 significantly reduced the cell proliferation rate. Furthermore, overexpression of SIRT2 reduced cell clone formation, migration and invasion, whereas knockdown of SIRT2 led to the opposite effects. In conclusion, the current study reported a reduction in SIRT2 expression in ovarian malignancy and identified a novel pathway involving SIRT2/CDK4. These findings are expected to improve the understanding of the tumorigenesis of ovarian cancer. 
